Introduction {#Sec1}
============

Since the ability to control one's upper limbs is closely related to the level of independence and quality of life, restoration of the best-possible arm and hand function is essential following a cervical spinal cord injury (SCI) \[[@CR1]--[@CR3]\].

There is increasing evidence that motivating, intensive, and repetitive training can improve upper limb function after SCI \[[@CR4], [@CR5]\]. However, due to cost, as well as the monotony of hours of repetitive movements, therapists are limited in their ability to provide patients with motivating intensive training \[[@CR6]--[@CR8]\].

Robotic therapy has been suggested as a tool to provide patients with more repetitions \[[@CR6]\]. The virtual reality aspect of robotic therapy simulates real-life activities, provides encouraging feedback, and might motivate patients to endure more repetitions. Furthermore, such training might, according to the principles of motor learning, lead to improved functional outcomes \[[@CR9]\].

There have been several studies examining the functional outcomes of robotic training compared with the conventional training of the upper extremities \[[@CR10]--[@CR13]\]. In a Cochrane review by Mehrholz et al. \[[@CR13]\], 34 trials of persons with stroke receiving robotic training were included. The persons receiving robot-assisted therapy were more likely to improve their ADL, arm strength, and arm function than the control groups that received conventional therapy.

Only a few studies have examined upper limb robotic training in SCI. Vanmulken et al. \[[@CR7]\] found the Haptic master, which provides either active or passive support, to be feasible and safe in five persons with chronic SCI. Zariffa et al. \[[@CR6]\] examined the feasibility and efficacy for the Armeo Spring, an exoskeleton providing passive antigravity support. This study showed that patients in the subacute phase were motivated by the exercises, that the system was easy to use, and helpful for providing feedback on progress, but compared with control results, no functional improvements were detected. Cortes et al. \[[@CR14]\] found the InMotion wrist robot to be feasible, safe, and associated with significant results for motor performance in 10 persons with chronic SCI. Kim et al. \[[@CR15]\] found some improvements in strength and independence, but not significant, in a group of SCI inpatients. Other studies, all case studies, have found similar systems (e.g., the Mahi Exo II, the Rice Wrist and the ReoGo) to be feasible, safe, and exhibit some functional improvements \[[@CR16]--[@CR18]\]. Although feasibility and safety seem to be established, there is still a dearth of studies on the effect of upper limb robotics on persons with SCI in the subacute phase. Thus, this study aimed to explore the effect of a robotic training program on arm, hand, and ADL function, as well as patient experience in subacute tetraplegic inpatients.

Methods {#Sec2}
=======

Study design {#Sec3}
------------

We applied a B-C-B single-subject design (SSD) for a six -week study period (B¹ for two weeks, C for two weeks, and B² for two weeks). The single-subject design was chosen as it allows study participants to be their own controls, which makes the method suitable when withdrawing standard rehabilitation is considered inexpedient \[[@CR19]\].

"B" represents the baseline when the participants received occupational therapy. Standard occupational therapy was then withdrawn and replaced with the robotic intervention period ("C") consisting of 11 sessions of robotic training, each lasting 60 min. This was followed by a second "B" period of standard occupational therapy. All of the participants were assessed six times; three times during the first "B" period, twice during the robotic intervention period "C", and once during the last "B" period. The assessments and intervention were carried out at Sunnaas Rehabilitation Hospital by four trained and experienced therapists. The assessors were not blinded to which phase the participants were in during the study. The study was approved by the Commissioner for Protection of Privacy in Research and the Regional Committee for Medical and Health Research Ethics South East in Norway. All of the participants volunteered, and we obtained informed consent from each participant.

Participants {#Sec4}
------------

During the inclusion period of five months, four out of five possible subacute inpatients were successively included. The inclusion criteria was complete or incomplete, traumatic or nontraumatic cervical SCI, American Spinal Injury Association (ASIA) Impairment Scale (AIS) A--C \[[@CR20]\], age at least 18 years or older, the ability to sit upright for 60 min, the ability to understand instructions, and the physical, cognitive, and behavioral capability to comply with the intensive training program.

Robot-training protocol {#Sec5}
-----------------------

The participants were scheduled for four one-hour sessions of robot-training per week for two and a half weeks. Both arms were trained during each session.

Armeo Spring system {#Sec6}
-------------------

Armeo Spring is a mechanical arm orthosis/exoskeleton with spring mechanisms, which uses gravity support to enable persons to perform virtual reality activities in a two- or three-dimensional game environment, where grip-pressure sensors detect the person's grip strength \[[@CR6]\]. The virtual reality games train persons to reach in different directions, perform more precise movements, and grip. The therapist calibrates a patient's workspace based on his or her functional ability, and the exoskeleton supports naturalistic movements in the shoulder, elbow, wrist, and finger flexion \[[@CR6]\].

Robotic setup {#Sec7}
-------------

The participants were placed in front of a height-adjustable table with a computer screen, sitting in their own wheelchair (Fig. [1](#Fig1){ref-type="fig"}). Their arm was placed into the exoskeleton, attached with straps and adjusted in size.Fig. 1Armeo Spring set up. Picture by Hocoma®

During the first session, the weight support was set by the therapist, so the participant's arm was in a horizontal position with approximately a 45° flexion in the shoulder and a 25° flexion in the elbow. Games that were considered to be relevant for training upper limb function in tetraplegia were selected. During the robotic training, the therapist adjusted the weight support and level of difficulty of the games to ensure that the training remained challenging.

During the robotic intervention period, the participants did not receive other occupational therapy. They did, however, receive physiotherapy sessions as part of their rehabilitation process. Standard occupational therapy, as provided during the baseline period "B", consisted of 45-min sessions, four times per week: strength exercises with weights or manual resistance for all of the active muscles in the upper extremities, grip training (mainly practicing the tenodesis grasp) or ADL training (e.g., practicing drinking, eating, dressing, upper toilet, and wheelchair maneuvering).

Measurements {#Sec8}
------------

### Arm and hand function {#Sec9}

The Graded Redefined Assessment of Strength Sensibility and Prehension (GRASSP) is a multimodal upper extremity test, consisting of five subtests; strength on 10 selected upper extremity muscles, sensibility, grasping, and functional tasks (prehension). The test was developed for patients with cervical SCI \[[@CR21]\].

### Activities of daily living {#Sec10}

We assessed ADL using the Spinal Cord Independence Measure III (SCIM-III). The SCIM-III measures persons with SCI's respiration/sphincter function and ability to perform self-care and mobility, independently \[[@CR22]\]. Seventeen questions are rated from totally dependent to totally independent with a maximum total score of 100.

### Participants training experience {#Sec11}

All of the participants provided feedback about their experience using the Armeo Spring in a 13-item questionnaire developed by Zariffa et al. for a similar study \[[@CR6]\]. The answers ranged from 1 (Disagree strongly) to 7 (Agree strongly) on a seven-point Likert scale.

Data analysis {#Sec12}
-------------

The data were analyzed by descriptive statistics and visual analyses.

Mean shift (i.e., the percentage mean change between the baseline results and the robotic intervention) was calculated, and data were visually analyzed for trends and overlaps \[[@CR23]\]. Microsoft Excel was used to prepare line graphs and trendlines. Overlap lines were inserted manually. The trend, which refers to the rise or fall pattern of the data during the baseline and the robotic intervention periods, was noted with a minus sign for falling or a plus sign when rising (supplementary table [2](#MOESM2){ref-type="media"}). A straight line was inserted at the lowest and highest score in the baseline to investigate numbers of overlap. If there was: (1) a positive change in the mean (2) a positive change in trend and (3) if two data points in the robotic intervention period were positively outside the range of baseline scores (overlap), it was concluded that the change was due to the robotic intervention. This change will be referred to as clinically significant change, as suggested by Zahn and Ottenbacher \[[@CR24], [@CR25]\]. Results of the participant questionnaire are reported in median and range.

Results {#Sec13}
=======

Participant characteristics {#Sec14}
---------------------------

As shown in Table [1](#Tab1){ref-type="table"}, the participants were all men between 19- and 62-years-old; the number of days since injury varied between 32 and 107. All of the participants completed the six-week study period with 11 sessions of robot-training, except for one participant 2 that completed nine sessions. No adverse symptoms were reported. The effective training time varied between 28 and 42 min per session (for both arms). Participant 1 and 3 had no passive or active grasp and were unable to perform either of the prehension tasks.Table 1Patient characteristicsParticipantAgeMotor levelAIS grade\*Days since injuryTotal effective Robot-training h min126C5/C6A1077.43219C6/C7A324.58362C4C645.14432C6A685.42\*American Spinal Cord InjuryAssociation Impairment Scale

Change in arm and hand function {#Sec15}
-------------------------------

### GRASSP total score {#Sec16}

All of the participants exhibited improvements on their right side (0.4% to 61.2%) (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Total score for Graded Redefined Assessment of Strength Sensibility and Prehension (GRASSP) for patient 1--4 right and left hand, with trendlines (dotted line) and overlap lines inserted. Maximum score is 116. The "B" represents the standard occupational therapy phases and "C" the robotic--intervention period

Three participants exhibited improvements on the left side (20.9%--106.2%). One participant 3 showed a positive change in both trendlines and overlap; he was therefore considered to have clinically significant changes bilaterally. Results in terms of the trendline directions and overlap are shown in Fig. [2](#Fig2){ref-type="fig"}.

### Manual muscle test {#Sec17}

The results are shown in Table [2](#Tab2){ref-type="table"}. All of the participants exhibited bilateral improvement ranging from 4.5% to 44.6% on their right side, and 9.0% to 78.2% on their left sides. Participant 4 attained clinical significance on his left side with a positive change in mean shift, trendline, and overlap. Participant 3 fulfilled the criteria for a clinically significant change bilaterally.Table 2Graded Redefined Assessment of Strength, Sensibility and Prehension (GRASSP)---StrengthParticipant1234*Mean (SD) baseline*-right12.2 (0.3)23.8 (1.8)9.2 (1.3)11.0 (0)-left12.3 (0.6)24.5 (0.5)8.7 (3.3)13.2 (0.6)*Mean (SD) robot-training*-right13.0 (0)27.0 (0)13.3 (1.8)11.5 (0.7)-left13.8 (0.4)32.0 (0.7)15.5 (4.9)14.4 (0.7)*Mean shift %*-right6.613.444.64.5-left12.230.678.29.0*Mean post robot-training*-right13.525.018.013.5-left14.536.022.517.0*Change from robot-training %* -right3.8−7.435.317.4 -left5.012.545.218.0*Trend*-right−−++-left−−++*Overlap*-right+++−-left+++−Subtest Manual Muscle test for 10 selected muscles rated 0--5; total score 50Trend + indicates a positive change in trendline from baseline ("B") to intervention period ("C")Overlap + indicates that both assessments points in the intervention period are positively outside range of baseline

### Sensibility, Semmes Weinstein Monofilaments (SMW) {#Sec18}

The results are shown in Table [3](#Tab3){ref-type="table"}. Two participants exhibited improvements on their right side, and two participants exhibited improvements on their left sides. None of the participants fulfilled the criteria for a clinically significant change in sensibility.Table 3Graded Redefined Assessment of Strength, Sensibility and Prehension (GRASSP)---SensibilityParticipant1234*Mean (SD) baseline*-right7.3 (−1.2)23.3 (1.2)0.7 (1.2)10.0 (1)-left2.7 (4.6)23.3 (1.2)1.3 (0.6)8.3 (2.3)*Mean (SD) robot-training*-right9.0 (1.4)23.0 (0)2.0 (0)7.0 (1.4)-left0.0 (0)22.5 (0.7)3.0 (1.4)10.0 (2.6)*Mean shift %*-right23.3−1.3185.0−30.0-left−100.0−3.4131.020.5*Mean post robot-training*-right8.022.02.09.0-left0.024.04.012.0*Change from robot-training %*-right−11.0−4.30.028.6-left0.06.733.320.0*Trend*-right−−−+-left−−−−*Overlap*-right−−−−-left−−−−Subtest Semmes Weinstein Monofilaments for dorsal and palmar sensibility (summed) with a total score of 24Trend + indicates a positive change in trendline from baseline ("B") to intervention period ("C")Overlap + indicates that both assessments points in the intervention period are positively outside range of baseline

### Prehension ability and performance {#Sec19}

The results of the prehension tests are listed in Table [4](#Tab4){ref-type="table"}.Table 4Graded Redefined Assessment of Strength, Sensibility and Prehension (GRASSP)---PrehensionPrehension abilityPrehension performanceParticipant2424*Mean (SD) baseline*-right4.3 (1.2)2.0 (0)7.3 (2)4.7 (0.6)-left9.0 (0)4.0 (0)12.3 (3.8)7.7 (2.5)*Mean(SD) robot-training*-right7.3 (0.4)3.3 (0.4)12.5 (0.7)5.5 (3.5)-left8.3 (1)4.5 (0)19.5 (3.5)10.0 (2.8)*Mean shift %*-right69.865.071.017.0-left−7.812.558.529.9*Mean post robot-training*-right8.54.513.09.0-left9.04.518.014.0*Change from robot-training %*-right16.436.44.063.6-left8.40.0−7.740.0*Trend*-right−+−+-left−−+−*Overlap*-right+++−-left−++−Subtest prehension: (a) ability: grip ability total score 12, (b) performance: functional task total score 30Trend + indicates a positive change in trendline from baseline ("B") to intervention the period ("C")Overlap + indicates that both assessments points in the intervention period are positively outside range of baseline

Participant 2 showed improvements on his right side and a decrease in his left-side prehension ability. Participant 4 exhibited bilateral improvement with a clinically significant change on his right side.

Both participants exhibited bilaterally improvements ranging from 17% to 71% on prehension performance. Participant 2 had positive changes on his trendlines and overlap, and therefore his changes were considered to be clinically significant on his left side. Participant 4 attained clinical significance on his right side.

Changes in activities of daily living {#Sec20}
-------------------------------------

The results are listed in Table [5](#Tab5){ref-type="table"}. All of the participants, except for one, exhibited improvements, ranging from 5.6% to 46.7%.Table 5Activities of daily living: Spinal Cord Independence Measure IIIParticipant1234Mean (SD) baseline18.0 (1.7)26.3 (0.6)17.0 (0)16.7 (2.9)Mean(SD) robot-training19.0 (0)29.5 (0.7)17.0 (0)24.5 (6.4)Mean shift %5.612.20.046.7Mean post robot-training19.036.020.029.0Change from robot-training %0.022.017.618.4Trend−−−+Overlap−+−−Total score 100Trend + indicates a positive change in trendline from baseline ("B") to intervention period ("C")Overlap + indicates that both assessments points in the intervention period are positively outside range of baseline

None of the participants fulfilled the criteria for clinically significant changes in ADL independence.

Participant training experience {#Sec21}
-------------------------------

As demonstrated by the data in Table [6](#Tab6){ref-type="table"}, the participants reported satisfaction with using the Armeo Spring. The results revealed that they found the training to be relevant for their type of injury, easy to understand, and that it motivated them to perform the exercises. However, only one participant preferred the robotic training to conventional occupational therapy. The participant, who initially had markedly higher scores on both upper limb function and ADL independence than the other three participants, had the lowest scores on the participant experience questionnaire.Table 6Motivation and experienceParticipant1234MedianRangeQ1. The ARMEO was enjoyable to use.63655.53--6Q2. It was easy to understand how to use the ARMEO.67676.56--7Q3. The games increased your motivation to perform your exercises.64575.54--7Q4. You would be comfortable using the ARMEO with only minimal supervision by a therapist.74275.52--7Q5. You felt that the ARMEO training was as effective for rehabilitation as your usual rehabilitation sessions with a therapist.74454.54--7Q6. The ARMEO was helpful for tracking the progress of your rehabilitation.775565--7Q7. The length of the sessions was appropriate.74676.54--7Q8. The number of sessions per week was appropriate.63655.53--6Q9. You felt that the ARMEO exercises were more relevant to activities in your daily life than conventional rehabilitation.615551--6Q10. You would use the ARMEO in your free time if it was available to you.715341--7Q11. You preferred the ARMEO training to conventional rehabilitation.54333.53--5Q12. The ARMEO is appropriate for someone with your level of lesion.75676.55--7Q13. The ARMEO is appropriate for someone with your type of injury (that is, AISI A, B, C or D).75676.55--71: Disagree strongly to 7: Agree strongly.

This study demonstrated improvements in arm and hand function and ADL in three out of four participants. However, in only one of the participants 3 did the results suggest that the improvements were caused by the robotic training.

Discussion {#Sec22}
==========

In this study, upper limb robotic training was provided and compared to standard occupational therapy, in four patients with cervical spinal cord injury.

All of the participants exhibited improvements in the GRASSP subtest measuring muscle strength. Participant 2 and 4, who had some preserved hand function compared with the other participants, showed larger improvements (13--78%) than the participants without the ability to grip. This supports the results of Zariffa et al., who found significant improvements in GRASSP strength in a cervical SCI subacute subgroup with some restored hand function \[[@CR6]\]; these authors concluded that Armeo Spring training might have been more suitable for this patient subgroup \[[@CR6]\].

Motivation is essential for patients to be encouraged in therapy to attain short-term and long-term goals towards independence. Providing useful and enjoyable training can make it easier for patients to attain these goals. Robotic training with elements from virtual reality has been shown to be a powerful tool to motivate patients to perform repetitive movements \[[@CR9]\]. In the present study, three out of four participants rated their enjoyment of and motivation to use Armeo training as high (median 5.5--7). Of these only one patient attained clinically significant results, suggesting that robotic therapy was the cause of the improvement. These results are similar to those of Zariffa et al. \[[@CR6]\] and Vanmulken et al. \[[@CR7]\]. One of the participants did not rate the Armeo training as enjoyable 2. He stated that he found the Armeo to restrict rather than facilitate his shoulder and elbow range of motion. This situation might persist for some persons with tetraplegia who have normal strength and range of motion in the elbow and shoulder.

Most patients did not prefer robotic training to their usual exercises with the therapist. We experience that patients enjoy human interaction during training sessions, which suggests that there should be a variety in upper limb training, including both standard occupational therapy and robotic training.

The lack of clinically significant changes in this study might be due to an insufficient amount of training. This study aimed to explore the effect on arm, hand, and ADL function by providing an intensive training program using robotics. However, the active training time during the robotic sessions was less than expected. Setting up the system, and changing it from one arm to another, decreased the amount of time that the participants were actively engaged. In the future we hope for systems with a more user-centered design, which enables a faster set up time, as suggested by Singh et al. \[[@CR26]\]. The amount of time of active movement during the 45-min sessions of standard occupational therapy was not noted, but clinical experience reveals that delivering a high number of repetitions via standard occupational therapy activities is challenging. In a study by Lang et al., participants attained a mean of 32 functional repetitions during standard occupational therapy sessions lasting 36 ± 14 min \[[@CR27]\]. Zbogar et al. found similar results with 31 repetitions for upper limb exercises in the subacute phase for persons with tetraplegia \[[@CR4]\]. The amount of repetitions reported in robotic training is above 1000 repetitions \[[@CR28]\]. These findings indicate that even though the amount of robotic training was less than what we hoped for, it is likely that it included more repetitions than provided by standard occupational therapy. The results of Hsieh et al. support implementing more repetitive training, which can be delivered by robotic systems to enhance functional outcomes \[[@CR28]\].

In a clinical setting, it could be possible to provide patients with more sessions per day if the clinic had two or three robots. Clinics such as Kliniken Valens, Rehaklinik Zihlschlacht -- both in Switzerland and Schön Klinik in Germany have all set up their upper limb robotic equipment, so that one therapist can assist up to three patients at a time.

Three of the participants exhibited an increase in SCIM-III-ADL independence. However, since the improvements were caused by a change from manual to an electric wheelchair and change in breathing assistance, it is unlikely that the improvements were related to the robotic intervention.

The SSD has been said to be ideally suited to investigate treatment effects in rehabilitation research \[[@CR24], [@CR25]\]. However, the requirement of a stable baseline prior to the introduction of the robotic intervention represents a challenge in the primary/subacute SCI rehabilitation setting. According to Ditunno \[[@CR29]\], persons with cervical SCI normally regain one level on the AIS scale within the first year after injury. This process of natural recovery might lead to increased arm and hand function without intervention, which could have influenced the results of this study.

In the present study, it was not possible to fulfill all of the prerequisites of an SSD. A minimum of three data points is considered to be necessary to determine the subject's performance pattern. The assessments took approximately two hours to perform. During the study period, the participants stated that they found it difficult to understand the necessity of the testing, which they found exhausting. This situation was particularly true for the participants who struggled to perform the prehension tests. In the GRASSP manual, the possibility of using GRASSP without the prehension tasks are suggested for the participants in the early subacute phase. If this version had been used it might have made it possible to expose the participants to more tests and thereby collect more data during the robotic intervention period. Three or more data points in each phase would have been better in exploring whether the changes were due to the intervention or to natural recovery.

Also, a disadvantage of the SSD is that there are few participants and no control group, which limits the generalizability of the findings.

However, this study supplements the limited number of studies in the literature concerning robotic upper limb training in persons with cervical SCI. There have been several studies confirming the feasibility and safeness of robotic training, but only a few studies have reported on its functional outcomes. More studies are needed to establish a guideline on robotic upper limb training in persons with cervical SCI.

Conclusion {#Sec23}
==========

Here we show that our participants exhibited improvements in upper limb function, strength, and ADL independence. No improvements were found in sensibility. The improvements associated with robotic therapy presented in this and similar studies appear to be similar to the functional outcomes derived from standard upper limb training. Robotic training can provide a high number of repetitions, and persons rate such training as being motivating and enjoyable. Providing robotic training for upper limb function might be an encouraging supplemental treatment to standard training in rehabilitation hospitals for persons with cervical SCI.
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